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In this paper, we present a simple and robust numerical method able to predict, with high accuracy, the
photo-thermal effects occurring for a gold nanoparticles arrangement under externally applied strain. The
physical system is numerically implemented in the COMSOL Multiphysics simulation platform. The gold
nanoparticles distributions are excited by linearly polarized light. By considering the system at rest and under
the action of a mechanical stress, we analyze the extinction cross section, and we observe the production of
heat at the nanoscale. The purpose of this work is to describe how sensitive the local temperature of the gold
nanoparticles arrangement is to the formation of localized photo-thermal hot spots.
I. INTRODUCTION
In the last decade, the multi-disciplinary character of
research in materials science is gradually increasing the
degree of complexity of the systems under study. An an-
alytical approach to the modeling of such systems is de
facto leaving the field to a numerical counterpart. This
trend in research is thus promoting the evolution of com-
prehensive numerical packages providing an extremely
accurate description of physical processes. As a conse-
quence, the availability of such powerful tools are modi-
fying the way research is performed, eventually suggest-
ing new possibilities to optimize the scientific procedure
itself. An emerging direction in plasmonics is the devel-
opment of plamonic heaters intended as systems where
the heat is generated at the nanoscale, by light excita-
tion of plasmonic sub-entitites, that can be dynamically
controlled in intensity and direction of its flow. Here, we
present the performance of a specific design of plasmonic
heaters through a numerical characterization performed
by the COMSOL Multiphysics FEM commercial plat-
form. As reported in previous works, it is possible to
evaluate the photo-thermal effects related to the inter-
action of an electromagnetic wave with an arrangement
of gold nanoparticles (GNPs) arrangements. The behav-
ior of the considered system can be accurately predicted
when the GNPs is modified because of the application
of a mechanical tensile strain to the whole structure.1,2
By consecutively exploiting Structural Mechanics, Elec-
tromagnetic Waves and Heat Transfer modules of the
COMSOL software allows calculating: i) the new GNPs
displacements as a function of a specific percentage of
strain; ii) the plasmonic response of the GNPs distribu-
tion for “at rest” and “stretched” conditions, in terms of
extinction cross section (σext); iii) the temperature vari-
ation ∆T = T − T0, with respect to the environment
temperature (T0), measured when the GNPs geometry
is resonantly excited by a linearly polarized plane wave.
a)E-mail: giuseppe.lio@unical.it
Considered the fine control of the local temperature al-
lowed by plasmonic heaters, their exploitation can widen
the actual scenario of thermo-plasmonic application in
cellular biology, nano-medical diagnostics and therapy.
In fact, most fascinating challenges could include but
are not limited to the design of photo-thermal devices
with a high localized photo-thermal efficiency, control-
lable through external macroscopic stimuli. Although
several theoretical and experimental studies3–5 are all
aimed to go in this direction, the actual possibility to re-
alize mechanically tunable plasmonic nano-heaters by ex-
ploiting plasmo-mechanics6–9 and active plasmonics10–12
is still an open challenge.
II. RESULTS AND DISCUSSION
In this section, we show how it is possible to reproduce
an entire experimental procedure in a numerical way. We
will start to approach the experiment by applying an ex-
ternal strain to modify the initial arrangement of the
considered GNPs supported by an elastic substrate. The
geometry at rest is a square of 25 NPs, characterized by
a radius (R) of 20 nm and center-to-center interdistance
r equal to 3R. The first step consists in the application
of the mechanical strain, followed by the electromagnetic
modeling. Finally, it is shown how the opto-mechanical
effects are exploited to enhance the photo-thermal re-
sponse of the structure for different amount of stretching.
A. Mechanical strain
In a real experiment, it is possible to apply a strain to
a sample in different ways, the more common is to use a
tensile-strain machine. In our numerical experiments the
external strain is applied as a boundary load at the edge
of the elastic substrate. As in the reality, the GNPs ar-
rangement is placed onto a transparent and elastic poly-
mer matrix made of Polydimethylsiloxane (PDMS). The
stretching appears when we apply a normal (N) tensile
strains with positive (F) and negative forces (-F) along
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2the x direction. It produces the effect shown in Figure
1a, where it is possible to evaluate the stretching of the
substrate. In our case we are interested on the detailed
displacement of each GNP. Figure 1b shows the GNPs
arrangement at rest, while in Figure 1c-e are shown the
displacements of the GNPs for stretching percentages of
8%, 19% and 27%, respectively.
FIG. 1. (a) Sketch of the entire system (GNPs/substrate)
under stretching. The edges where the loads assume a red
coloration indicate the maximum displacement and are de-
formed in accordance with the strain direction. On the other
hand, the other edges of the substrate appear green because
of the compression undergone in the direction perpendicular
to the applied strain. (b) The GNPs arrangement at the rest
(b) and for the stretching percentage of (c) 8%, (d) 19% and
(e) 27%. The blurred blue spheres in c-e represent the GNPs
position at rest.
B. Electromagnetic analysis
When the new positions of the GNPs in the stretched
geometries are calculated, we can use them to study
what happens when a polarized electromagnetic wave im-
pinges on the resulting different particles arrangements.
To study the plasmonic response of the GNPs arrange-
ments (at rest and stretched) we collect the absorption
cross section σabs and the scattering cross section σsca to
obtain the extinction cross section: σext = σabs + σsca.
In the methods section we report all details related to
the strategy that we adopted to analyze σext and the
materials involved in our model. We stress out that by
modifying the GNPs arrangements through an externally
applied strain, it is possible to change the wavelength cor-
responding to the plasmonic resonance λp0 of the initial
system.
In Figure 2a, we report the σext for different stretch-
ing percentages, from the rest condition to the maximum
applicable stretching yet avoiding the GNPs overlapping.
It is possible to observe that by stretching the substrate
from 0% to 27% a redshift of the λp0 from 510 nm to
λp27%=515 nm occurs.
The electric field (E) maps, for the GNPs arrangement
at rest (Figure 2b) and for the different percentages of
stretching (Figure 2c-d), show the different enhancement
and distribution of the electric field around the NPs as
a function of the particles displacement. These maps are
collected at λ=532 nm, that corresponds to the typical
excitation wavelength source, used in laboratory, to ex-
cite photo-thermal effects in spherical NPs. As we can
see, by increasing the stretching percentage we obtain
an enhancement of the E field due to the interaction be-
tween the nanoparticles that are closer than in the rest
condition. It is clear that the electromagnetic coupling
between the GNPs follows the spectral behavior of the
extinction curves. In fact, if we plot the E map for the
max stretching percentage considered (27%) at the new
λp27%= 515 nm we obtain an intensity of Emax equal to
3.2 · 106 V/m, that is even higher with respect to the
value obtained at 532 nm (Emax=2.2 ·106 V/m).
FIG. 2. (a) Extinction cross section curves for the differ-
ent stretching percentages: the rest condition is the black
solid line with the plasmonic peak around λp0= 510 nm. By
stretching the structure the amplitude of σext increases and
the peak shifts until λp27%= 515nm. The green dashed line
indicates the wavelength of the used laser in the thermal ”nu-
merical experiments” (λtherm = 532nm). (b-d) Electric field
maps for the rest condition and two different stretching val-
ues under the λtherm excitation. (e) E maps for the 27% of
stretching at the new λp27%.
C. Thermal analysis
After stretching the structure and collecting the modi-
fication of its plasmonic response due to the correspond-
ing change in σext, the last part of the work is devoted to
characterize the GNPs arrangement in terms of photo-
induced heating. The square structure allows the forma-
tion of chains that interact as electromagnetic and ther-
3mal hot spots resulting in a temperature enhancement.
In Figure 3a-c, we reported the thermal heating maps
(∆T) of the GNPs distribution for different stretching
percentages calculated at λtherm. The temperature vari-
ation ∆T gradually increases following the cross section
amplitude: in fact, a ∆TMAX=26.5
◦ for the substrate at
rest (0%) is modified in a much higher ∆TMAX=41.3
◦ in
case of a 27% strain percentage. Noticebably, by calcu-
lating the ∆T increase for the wavelength λp27% corre-
sponding to the highest σext value, ∆TMAX is the highest
with (44.8◦).
FIG. 3. Thermal maps of the (a) rest, (b) 19%, (c) 27%
stretched structure at λtherm. (d) Thermal map for the max
stretching percentage of 27% at λp27% .
III. CONCLUSIONS
In this contribution, we presented a comprehensive
electromagnetic and thermal analysis of 2D square ar-
rangement of plasmonic nano-structures. The proposed
numerical simulations are obtained by using COMSOL
Multiphysics for the entire experimental process from
the stretching to the photo-thermal evaluation. By us-
ing these coupled multi-physics models we pave the route
to study and prototype, in a simple and fast way, tun-
able/active plasmonic systems that can work like nano-
heaters. This kind of studies evidence specific regions
of thermal hot-spots and thus envision the possibility to
realize devices in a wide scenario of applications includ-
ing medical, environmental and biological field to name
a few.
METHODS
By the use of the mechanical tool, we study how an
applied external strain can deform the initial structure.
To use it, we fix the force (F) that represents the bound-
ary load, and the relative constrains. Generally, the con-
strains involved for a stretching case are the following:
the edges along the y direction are left free to move, and
they are fixed as zero in x and z directions to avoid bend
and shear actions. For the same reasons the edges in the x
direction are free to move along x and are constrained in y
and z directions. To reproduce arrangements character-
ized by different displacements, it is necessary to change
step by step F and save the corresponding geometry as
.stl file. The resulting new geometry, that corresponds
to the stretched structure, should be imported in the
electromagnetic-thermic model to follow the process to
study the σext and ∆T. The extinction cross sections and
temperature variations, evaluated for different stretching
percentages, have been obtained by implementing a 3D
simulation in COMSOL Multiphysics. The simulation in-
volves a controlled spherical volume, also called perfect
matched layer (PML), whose size is much larger than the
radius of the NPs, rPML = 20R or 30R, depending on
the specific geometry.
The absorption and scattering cross sections are cal-
culated, in the Electro-Magnetic Wave, Frequency Do-
main (emw) module, by means of the following relations:
σabs=Wabs/Pin, σsca=Wsca/Pin, where Pin is the inci-
dent irradiance, defined as energy flux of the incident
wave; Wabs is the energy rate absorbed by particle that
is derived by integrating the energy loss Qloss over the
volume of the particle, while Wsca is the energy rate ab-
sorbed by particle that is derived by integrating is de-
rived by integration the Poynting vector over an imag-
inary sphere around the particle. All the other param-
eters as scattered field method, proper polarization and
propagation direction as opportunely set to numerically
investigate the near field distribution and the plasmonic
response of the GNPs. The light beam intensity, has been
evaluated as I = E20/(2Z0const) = 1.33 E7 W/m
2, where
E0 is the initial electric field (in our case 1E5 V/m) and
Z0const= 376.73 Ω is the impedance of the system that
takes into account also the incident area. This tool pack-
age offers the possibility to study the energy flow that
passes through the NPs when they are shone by a light
beam and the energy flow scattered from NPs and col-
lected on the external layer used as an integrating sphere.
Finally, the Heat Transfer in Solids module is used to
study the interaction between light and NPs in terms of
localized heating. Here it is necessary to set the area that
interacts with the electromagnetic wave (NP surfaces and
surrounding medium) and the room temperature T0.
The materials involved in these simulations are gold,
air and PDMS. For each one, in the Materials section of
the software the following data have been considered:
Gold : real and imaginary part of permittivity as a
function of wavelength from the Materials library of the
4software, permeability µ = 1, the electrical conductivity
σ = 1, Young module E = 7 · 1010Pa, Poisson ratio ν =
0.44, thermal conductivity K = 314W/m ·K, the density
ρ = 19300kg/m3 and the heat capacity Cp = 126J/kg·K.
Air : real and imaginary part of permittivity as a func-
tion of wavelength, permeability µ = 1, the electrical con-
ductivity σ = 1, thermal conductivity K = 1W/m · K,
the density ρ = 1kg/m3 and the heat capacity Cp =
1J/kg ·K.
PDMS : real and imaginary part of permittivity as a
function of wavelength, permeability µ = 1, the electri-
cal conductivity σ = 1, Young module E = 7.5 · 105Pa,
Poisson ratio ν = 0.49, thermal conductivity K =
0.16W/m · K, the density ρ = 970kg/m3 and the heat
capacity Cp = 1460J/kg ·K.
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